Capacitive behavior of a highly-oxidized graphite is presented in this paper. The graphite oxide was synthesized using an oxidizing mixture of potassium chlorate and concentrated fuming nitric acid. As-oxidized graphite was quantitatively and qualitatively analyzed with respect to the oxygen content and the species of oxygen-containing groups. Electrochemical measurements were performed in a two-electrode symmetric cell using KOH electrolyte.
Introduction
Graphite oxide (GO), disordered material prepared by graphite treatment with a strong oxidizer in nonaqueous conditions, has been known since the 19th century. It was first synthesized in 1859 by Brodie [1] who treated graphite powder with a mixture of potassium chlorate and fuming nitric acid. In that method graphite was oxidized several times with fresh portion of acid and oxidizer but quick evaporation of nitric acid was very troublesome. Graphite oxidation was improved about forty years later by Staudenmaier [2] . He used higher excess of oxidizer with respect to graphite adding concentrated sulfuric acid that allowed longer oxidation in a single step. Hummers [3] proposed the simplest and less hazardous technique by mixing graphite with potassium permanganate in concentrated sulfuric acid, so several hours instead of days were needed for oxidation. Although all of these techniques result in obtaining highly-oxidized graphite, the advantages of the Brodie method in comparison to the latter ones are graphite oxide purity (no sulfate ions) and high oxygen content, however, the drawbacks are time needed to obtain well- * E-mail: mateusz.ciszewski@polsl.pl oxidized graphite (several hours in the Hummers' method, 100 -300 h in the Staudenmaier's and above 150 h using Brodie method) and difficulties with handling concentrated fuming nitric acid. It was found [4] that graphite oxide prepared by Brodie method is very stable, less contaminated and the brightest; moreover it has the smallest interlayer distance in comparison to graphite oxide obtained by other methods. It should be depicted that single oxidation using Brodie method takes about two days but careful drying is required because the oxidation is carried out in 100 % nitric acid so water content should be as low as possible to avoid undesirable reactions. Drying in an oven is the fastest, however, due to possible desorption of epoxy groups drying in desiccator over phosphorus pentoxide was used. Because Brunauer-EmmettTeller (BET) surface area and interplanar spaces of graphite oxide increase with increasing oxygen content [5] the highly-oxidized graphite may be a potential matrix for active species in catalysis and energy storage devices. However, there are some difficulties in estimating the real specific surface area of graphite oxide by nitrogen adsorption because nitrogen molecules are not able to penetrate into the interlayer space [6] . The presence of oxygen functionalities has an advantage of an im-proved wettability but the drawback is the limited electron transfer, important in energy storage [7] . In spite of low conductivity, graphite oxide was considered in electrochemical devices [8, 9] .
Experimental

Materials and methods
Graphite oxide was synthesized from synthetic graphite according to the modified Brodie method. Briefly, 10 g of graphite (Fisher Scientific, mesh 20 µm, humidity 0.26 %) was magnetically mixed with 60 mL 100 % fuming HNO 3 (Sigma Aldrich, p.a.) in an ice bath. Then 85 g of KClO 3 (POCh, p.a.) was added during 5 h. Next, the graphite oxide slurry was mixed at ∼55°C for 6 h. Thick paste was diluted with 2 L deionized water (Millipore, 0.0067 S/m). After sedimentation the solution was decanted while the product was vacuumfiltrated using a filter paper with medium pores (Munktel, 389), washed several times with deionized water and dried in a desiccator with P 2 O 5 . The dry product was used as a substrate for the next oxidation step. Graphite oxides obtained after the first (GO 1), third (GO 3) and sixth (GO 6) oxidation steps were analyzed.
Characterization
Products were characterized with powder X-ray diffraction (XRD, Seifert 3003) with a step size of 0.02°and Cu Kα radiation to evaluate the interlayer distance (d 002 ), crystallite height (L c ) and in-plane crystallite size (L a ). The IR-spectra were measured on a Nicolet 6700 FT-IR spectrophotometer using Attenuated Total Reflectance (ATR method). It enabled qualitative analysis of oxygen-containing groups. The presence and atomic percent of the oxygen-containing groups were confirmed by X-ray photoelectron spectroscopy (XPS, ESCALAB-210, VG Scientific).
Electrochemical measurement
Electrochemical experiments were carried out using two-electrode system. The working electrode materials composed of 90 wt.% of graphite oxide and 10 wt.% polytetrafluoroethylene (PTFE, Sigma Aldrich, 35 µm) were pasted on electrochemical nickel current collectors to form films containing 0.037 g of active material per electrode. The accurate weight of the electrodes was measured with a high-precision balance (Metler Toledo AT 261 DeltaRange). A polypropylene separator (Fipro 25, 0.35 mm thickness) soaked with 6 M KOH aqueous electrolyte was used in all measurements. The electrodes, current collectors and separator were pressed by four screws in poly(methyl methacrylate) casing. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were performed with an Autolab PGSTAT 30 workstation. EIS plots were tested in the frequency range of 100 kHz to 100 mHz with the amplitude of sinusoidal voltage signal equal to 10 mV in the potential range of 0 to 1 V and step potential of 0.5 V.
Results and discussion
Graphite oxide is a well-known graphitebased composite possessing turbostratically aligned graphene layers modified with the oxygen-containing species. Numerous GO models containing various oxygen species have been proposed [10, 11] . These intercalated groups are responsible for breaking of the van der Waals bonding that holds the layers together and changing carbon atoms hybridization from sp 2 to sp 3 as a result of π-π bond breaking. The most visible effect of oxidation is color change from grey/graphitic to brown and even light yellow after a prolonged oxidizer treatment. Matuyama reported [12] that graphite treatment with 2:1 sulfuric to nitric acid resulted in blue color while addition of potassium chlorate changed the color to brown. Using different oxidation techniques various colors can be obtained. Structural change during graphite oxidation was studied by XRD presented in Fig. 1 .
The typical sharp and strong graphitic signal located at 2θ = 26°is attributed to the highlyordered structure of graphite with high crystallites size. This peak shifts to about 12°for graphite oxide due to the increase in the interlayer distance to 0.7 nm, caused by intercalation of the oxygencontaining groups. The oxygen functional groups are responsible for the change of carbon atoms hybridization from sp 2 to sp 3 [13] . and sixth (GO 6) oxidation step. Table 1 presents the interlayer distance calculated after each oxidation step. Practically, there is a very little change in d-spacing, however, an increase in the oxygen content is still observed. Some discrepancies may result from water adsorbed in the interlayer space despite the prolonged drying. Graphite oxide hydration is a common problem that significantly increases the interlayer distance, oxygen content and changes the material properties, however, complete removal of water is practically impossible [14] . Even washing graphite oxide with water may cause significant chemical transformations resulting in various structures and properties [15] , which can be overcome by quenching it in nonaqueous organic solvents.
Crystallites sizes were calculated using Scherrer equation. Severe reaction conditions resulted in crystallites height diminishing from 24 nm for a synthetic graphite to ∼6 nm for graphite oxide after the first oxidation, however, after the next oxidation steps, L c value increased slightly to ca. 10 nm. Probably it was caused by sticking of graphene layers during the prolonged oxidation. This trend was In all spectra the broad signal located at 3700 to 2800 cm −1 , attributed to the stretching vibration in hydroxyl groups and water, can be ob-served. The signal at 1710 to 1705 cm −1 belongs to the carboxylic groups, at 1620 cm −1 to OH groups, 1350 cm −1 is due to deformation vibration in C-OH, 1040 to 1023 cm −1 represents C-O groups, sometimes designated to C-C, and finally the peak around 950 cm −1 comes from epoxy groups. Pumera et al. [16] suggested that the large peak at 1600 cm −1 corresponded to the unoxidized sp 2 regions but in fact the signal slightly above 1600 cm −1 was more often attributed to OH groups while the signal around 1580 cm −1 , very common in Hummers graphite oxide, might result from sp 2 domains. It was also shown that the signals location remained unchanged during oxidation only some differences in signals intensity were observed. These results were confirmed by XPS analysis. Fig. 3 presents C 1s spectra for GO 1, GO 3 and GO 6 that were deconvoluted into five separate peaks representing C=C sp 2 , C-C sp 3 , C-O/C-OH, C=O, and COOH.
Five different peaks centered at 284.6, 285.8, 286.6, 287.9, and 288.9 eV, corresponding to C=C sp 2 , C-C sp 3 , C-O/C-OH, C=O, and COOH groups, respectively, are observed [17] . With the increase in reaction time the intensities of C=O and C-O/C-OH increase. Interestingly, the amount of COOH groups decreased after the first oxidation with the increase of other oxygen species. So, in the highly-oxidized graphite the oxygen-containing groups are mostly composed of carbonyl and hydroxyl/epoxy groups located between the graphene layers.
Quantitative analysis of the oxygen species obtained using XPS are presented in Tables 2 and 3 that summarize the atomic content of the particular carbon-carbon and carbon-oxygen groups and the area under the curves, respectively.
A decrease in carboxylic groups content from about 13 at.% after single oxidation to about 4 at.% as well as some increase in hydroxyl/epoxy groups are confirmed. An increase in the amount of the sp 2 hybridized carbon atoms and simultaneously slight decrease in sp 3 domains can be observed. This may result from the slight increase in crystallites height during oxidation presented in Table 1 . Probably some restacking of graphite oxide has Fig. 3 . C 1s spectra obtained for GO 1, GO 3, and GO 6. occurred. Fig. 4 and 5 present cyclic voltammograms of GO 1, GO 3, and GO 6 after 10 and 100 cycles respectively, in the potential window of 0 to 1 V with a scan rate of 20 mV/s. After first few cycles the higher values of current and specific capacity are obtained namely 0.47 F/g for GO 1, 0.58 F/g for GO 3, and 0.54 F/g for GO 6 but the shape of the curves is very narrow. After 100 cycles the CV curves are more rectangular and more close to an ideal supercapacitor behavior, however, the capacity is much lower, i.e. 0.057, 0.048, and 0.14 F/g, respectively.
The CV curve of GO 6 is more box-like than those obtained for GO 1 and GO 3, which is probably caused by the abundant oxygencontaining groups that may provide additional pseudo-capacitance and better wettability [18] . Presumably longer oxidation caused more homogenous distribution of active sites, therefore, the specific capacity drop in GO 6 is not as big as in GO 1 and GO 3. Fig. 6 compares CV curves of GO 6 recorded after 60, 70, 80, 90 and 100 cycles. This material presents a relatively good cycling ability and the lowest specific capacity drop in comparison to the GO 1 and GO 3. This indicates that the oxygen-containing groups are not utilized in a few first cycles but are gradually consumed in reactions with electrolyte. This enhances positive pseudo-capacitance for a longer working time. Additionally, all of the samples were cycled in the same potential range with a scan rate of 5 mV/s. Similarly to the higher scan rate the curves broadening in time was observed. In the tenth cycle very narrow CV profiles were obtained and the specific capacity was 0.67 F/g, 1.12 F/g and 1.15 F/g for GO 1, GO 3, and GO 6, respectively. These curves broadened during the cycling with simultaneous specific capacity decrease to 0.42, 0.61, and 0.75 F/g, respectively. Fig. 7 presents CV curves after 30 cycles with a scan rate of 5 mV/s. Once again some activation of electrode material in time is observed, which is the most striking in GO 6. Probably this can be attributed to rapid utilization of oxygen-containing groups at the edge of layers. During working, more interlayer space is penetrated by electrolyte. GO 1 has the highest amount of carboxylic groups and the narrowest initial CV curve, while GO 3 and GO 6 have relatively lower amount of functional groups located at the edge and their initial CV curves are broader. As the electrolyte is KOH it is probable that the first charging processes are needed to build double layers inside the electrodes like in activated porous carbons [19] . These results are similar to those obtained in literature [20] for graphite oxide. Typically higher values are obtained for a three-electrode test cell than for two-electrode system [21] , but the latter is more relevant for capacity measurements.
The electrochemical impedance spectroscopy plots obtained at 0 and 1 V are shown in Fig. 8 and Fig. 9 , respectively. EIS can be used to understand the resistive components involved with electrochemical systems, what is very important for supercapacitors characterization. EIS plots present quasi-reversible behavior of graphite oxide, most evident for GO 6, with two distinguished regions including the semicircle corresponding to the faradaic charge transfer resistance [22] and the straight line in the low-frequency region indicating a pure capacitive behavior and representing the ion diffusion in the electrode structure [23] . This phenomenon is practically negligible in GO 1 and GO 3, where less steep curves have been recorded and, consequently, higher resistances of ions diffusion are obtained. A more steep curve in the low-frequency region is attributed to better Warburg diffusion, that is responsible for more effective mass transfer from the electrolyte to the electrode interface. We suppose that the better characteristics of GO 6 results from the better penetration of the interlayer spaces by the electrolyte caused by more ordered structure of GO 6 in comparison to GO 1 and GO 3 (higher crystallites height) and improved wettability due to the highest oxygen amount. Although the difference in oxygen amount is not big it was previously mentioned that the structure and properties of graphite oxide may strongly depend on the purification method.
Conclusions
In this work, we have reported that highlyoxidized graphite prepared by multiple oxidation was composed mainly of hydroxyl/epoxy and carbonyl groups. The interlayer distance did not change significantly during oxidation and the oxygen content varied slightly from 26 to 30 at.%. A gradual decrease in carboxylic groups was observed during oxidation. Additionally, the increase in C=C sp 2 domains was recorded, what is probably the result of graphite oxide restacking while the slight increase in crystallite height could be caused by sticking of unoxidized graphene layers. The materials were electrochemically tested as electrodes in supercapacitors using a two-electrode test cell. Initially narrow CV profiles were observed in all samples, which indicated some activation of the electrode material. During longer cycling more rectangular curves were obtained. For GO 6 the shape of the curve was the most box-like, however, still the peak in the high voltage was observed. The presence of oxygen-containing groups is beneficial to the application of graphite oxide-based supercapacitors. Nyquist plots showed differences in electrode material resistances. In the highly-oxidized GO 6 typical quasi-reversible plot was observed with the semicircle corresponding to faradaic reaction and the slope of about 45 degree in the low frequency region. Although the difference in GO 1 and GO 6 behavior seems to be the consequence of the oxygen content, it is still unclear why GO 3 differs so strongly from GO 6. Probably several effects interfere here. The GO 6 has the highest oxygen content, i.e. aqueous electrolyte can easily penetrate it. Relatively small amount of carboxylic groups located at the edge of graphene layers make the interlayer space more easily accessible, while the highest crystallite height indicates its ordered structure with probably well-developed pores. Some discrepancies may result from the differences in purification and compression stress of the samples, too.
